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Quantum Information Processing Without Joint Measurement
Ming Yang1, ∗ and Zhuo-Liang Cao1, †
1School of Physics & Material Science, Anhui University, Hefei, 230039, People’s Republic of China
We propose a linear optical scheme for the teleportation of unknown ionic states, the entanglement
concentration for nonmaximally entangled states for ions via entanglement swapping and the remote
preparation for ionic entangled states. The unique advantage of the scheme is that the joint Bell-
state measurement needed in the previous schemes is not needed in the current scheme, i.e. the joint
Bell-state measurement has been converted into the product of separate measurements on single ions
and photons. In addition, the current scheme can realize the quantum information processes for
ions by using linear optical elements, which simplify the implementation of quantum information
processing for ions.
PACS numbers: 03.67.Hk, 03.67.Mn, 03.67.Pp
I. INTRODUCTION
Joint measurements play an important role in quantum
information processing(QIP). In quantum teleportation,
an unknown quantum state will be sent from sender to
receiver via a quantum channel with the help of classi-
cal communication. During this process, the sender will
operate a joint Bell-state measurement on the unknown-
state particle and one of the entangled particles she pos-
sesses [1]. In entanglement swapping, there are usually
three spatially separate users, and two of them have
shared one pair of entangled particles with the third
user. Then the third user will operate a joint Bell-state
measurement on the two particles he possesses. Corre-
sponding to the measurement result, the two particles
possessed by the two spatially separate users will col-
lapse into an entangled state without any entanglement
before the joint measurement [2]. In remote state prepa-
ration [3], if we want to prepare some entangled state
remotely via two pairs of entangled particles as the quan-
tum channel, the joint measurement is also a necessity [4].
Like the above-mentioned entanglement swapping, there
are usually three spatially separate users, and two of
them have shared one pair of entangled particles with
the third user. Then the third user user will operate a
special type of joint measurement, which corresponds to
the entangled state the third user want to prepare re-
motely, on the two particles he possesses. After the third
user informs the first or the second user the measure-
ment results, the particles of the first and the second user
are prepared in the entangled state that the third user
want to prepare remotely. In addition, joint measure-
ments are also needed in the quantum dense coding [5].
The sender and the receiver share an entangled pairs,
and the sender will encode the 2-bit classical information
on the entangled particle he possesses by operating four
possible single-bit operations on the particle. Then this
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particle(one qubit) will be sent to the receiver. The re-
ceiver will operate a joint Bell-state measurement on the
two particles to decode the 2-bit classical information the
sender encoded.
Form the above analysis, joint measurements are
needed in quantum teleportation, entanglement swap-
ping, remote preparation of entangled state via two pairs
of entangled particles as the quantum channel and quan-
tum dense coding, etc. But it is very difficult to realize
joint measurements in experiment. Usually, joint mea-
surements will be converted into the product of separate
measurements on single particle [6, 7, 8, 9]. For the pho-
ton case, teleportation of unknown polarization state of
photons has been realized in experiment [10], where the
joint Bell-state measurement has been converted into the
product of separate measurements on single photon by
using the linear optical elements, such as polarization
beam splitters and photon detectors. But in this exper-
imental scheme, the four Bell states can not be discrim-
inated conclusively and completely. So Zhao et al pro-
posed an alternative scheme for the conclusive discrim-
ination of the four Bell states of photons with the help
of the ancillary entangled pairs of photons [8]. In cavity
QED domain, the Bell-state measurement on atoms has
been converted into the separate measurements on single
atom by using the controlled-NOT (C-NOT) gate oper-
ations [6], where the dispersive interaction between two
atoms and a cavity mode plays an important role. To
avoid the difficulty of the C-NOT gate operations, Zheng
and Ye all proposed the schemes to teleport an unknown
atomic state without Bell-state measurement, and the in-
teraction between atoms and cavity modes decomposes
the Bell states into product states.
From the experimental point of view, Bell-state mea-
surements have been realized for the photon case. How-
ever, because it is difficult to realize Bell-state measure-
ments for atomic (ionic) states in experiment [11, 12],
the implementation of quantum teleportation [11, 12],
entanglement swapping, remote preparation of entangled
state and quantum dense coding for atomic (ionic) states
are all not easy. In our previous contribution, we have
proposed the entanglement swapping scheme for atomic
system without joint measurement [13, 14], where the in-
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FIG. 1: Level configuration of the ions used in the scheme.
The ions, which are in the degenerate states |m+〉 and |m−〉,
can be excited into the unstable excited state |e〉 by absorbing
one σ+ or σ− polarized photon, then it can decay to the stable
ground state |g〉 with a scattered photon rapidly.
teraction (resonant and nonresnant cases) between atoms
and cavity modes replaces the Bell-state analyzer. But,
due to the complexity of the cavity QED techniques, it
is difficult to realize these schemes in experiment. So,
in this paper, we will propose an alternative scheme for
some quantum information processes for ions, such as,
quantum teleportation, entanglement concentration via
entanglement swapping and remote preparation of en-
tangled states, etc. We will use the linear optical ele-
ments. The main setup of the scheme is a Mach-Zehnder
interferometers (MZI) with two ions placed on the two
arms of the MZI. We can decide whether the scheme suc-
ceed or not by operating single photon measurements on
the two output ports of the MZI. The unique advantage
of the current scheme is that the quantum information
processing for ions can be realized by using linear optical
elements, which decreases the difficulty of the experimen-
tal implementation. In addition, by using the MZI, the
joint measurement are all decomposed into single pho-
ton measurements and single ion measurements, so the
current scheme avoids the difficulty of realizing joint mea-
surements.
II. QUANTUM TELEPORTATION OF
UNKNOWN IONIC STATES VIA LINEAR
OPTICS
Consider the three-level ionic system, where
|m+〉 and |m−〉 are two degenerate metastable states of
ions, and |e〉 is the excited state. The level configuration
of the ions is depicted in Fig.1. The ions can be excited
from |m+〉 or |m−〉 to the excited states |e〉 by absorbing
one σ+ or σ− circular polarization photon with unit
efficiency. Because the excited state |e〉 is not a stable
one, the ions in that state will decay rapidly to the
stable ground state |g〉 with a scattered photon |S〉.
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FIG. 2: The setup for teleportation scheme. Alice places ions
1, 2 on the upper arm and lower arm of the MZI, respectively.
One σ+ polarized photon will be superimposed on the first
beam splitter (BS1). After the BS1 the photon will take two
possible pathes (u denotes the upper path and l denotes the
lower one). Reflected by two mirrors, the two possible pathes
will be recombined at the second beam splitter (BS2). Single
photon detection will be operated on the two output ports of
the MZI after the BS2 . If the right lower output port detector
(Dl) fires, the teleportation can succeed.
This process can be expressed as [15, 16]:
a+±|0〉|m±〉 −→ |S〉|g〉. (1)
Suppose the unknown state of ion 1 to be teleported
is:
|Ψ〉1 = α|m+〉1 + β|m−〉1, (2)
where α, β are normalization coefficients, and |α|2 +
|β|2 = 1. Without loss of generality, we can assume that
α, β are all real numbers.
Before teleportation, the sender (Alice) and the re-
ceiver (Bob) share a maximally entangled pair of ions
2, 3:
|Ψ〉23 = 1√
2
(|m+〉2|m+〉3 + |m−〉2|m−〉3). (3)
Alice possesses the ions 1, 2, and Bob has access to ion 3.
To complete the teleportation of unknown state of ion 1,
a MZI will be introduced at Alice’s location. The ions 1,
2 will be placed on upper arm and lower arm of the MZI,
respectively, by using trapping technology [17]. One σ+
polarized photon will be superimposed on the MZI from
the left lower input port. The main setup is depicted in
Fig.2. The effect of the BS on the input photon can be
expressed as:
a+l,±|0〉
BS−→ 1√
2
(a+u,± + ia
+
l,±)|0〉, (4a)
a+u,±|0〉 BS−→
1√
2
(a+l,± + ia
+
u,±)|0〉, (4b)
where l and u denote the lower optical path and the up-
per optical path, respectively. a+l,±|0〉 and a+u,±|0〉 denote
two photons, and ± denotes the direction of polarization.
3From Eq.(4) we found that there will be a π2 phase shift
between the input photon and the reflected wave func-
tion, and the transparent part is synchronized with the
input photon. The BS takes no effect on the polarization
of the input photon. Because the ions 1, 2 have been
placed on the two optical pathes (u and l, respectively),
the ions will interact with the photon. The interaction
will generate a shift of interference after the BS2, then
Alice will detect the two output ports of the MZI to check
whether the teleportation succeeds or not. These are crit-
ical to the teleportation and the other quantum informa-
tion processes to be presented in the current scheme.
Before teleportation the total state of the system is:
|Ψ〉total = 1√
2
a+l,+|0〉(α|m+〉1|m+〉2|m+〉3
+ α|m+〉1|m−〉2|m−〉3
+ β|m−〉1|m+〉2|m+〉3
+ β|m−〉1|m−〉2|m−〉3). (5)
To analyze the evolution of the total system, we will
consider the evolution of the following four product states
of ions 1, 2:
a+l,+|0〉|m+〉1|m+〉2
BS1,Ions1,2,BS2−−−−−−−−−−−→
1√
2
(|S〉1|g〉1|m+〉2 + i|m+〉1|S〉2|g〉2), (6a)
a+l,+|0〉|m+〉1|m−〉2
BS1,Ions1,2,BS2−−−−−−−−−−−→
1√
2
|S〉1|g〉1|m−〉2
+ i2 (a
+
u,+ + ia
+
l,+)|0〉|m+〉1|m−〉2 (6b)
a+l,+|0〉|m−〉1|m+〉2
BS1,Ions1,2,BS2−−−−−−−−−−−→
i√
2
|m−〉1|S〉2|g〉2
+ 12 (a
+
l,+ + ia
+
u,+)|0〉|m−〉1|m+〉2, (6c)
a+l,+|0〉|m−〉1|m−〉2
BS1,Ions1,2,BS2−−−−−−−−−−−→
ia+u,+|0〉|m−〉1|m−〉2. (6d)
So, after the operation of MZI, the state of the total
system will evolve into:
|Ψ〉′total =
1√
2
{α 1√
2
(|S〉1|g〉1|m+〉2
+ i|m+〉1|S〉2|g〉2)|m+〉3 + α[ 1√
2
|S〉1|g〉1|m−〉2
+
i
2
(a+u,+ + ia
+
l,+)|0〉|m+〉1|m−〉2]|m−〉3
+ β[
i√
2
|m−〉1|S〉2|g〉2
+
1
2
(a+l,+ + ia
+
u,+)|0〉|m−〉1|m+〉2]|m+〉3
+ iβa+u,+|0〉|m−〉1|m−〉2|m−〉3}. (7)
If the photon detector at the right lower output port Dl
fires, the state of the system collapse into:
|Ψ〉123 = 1
2
√
2
(−α|m+〉1|m−〉2|m−〉3
+ β|m−〉1|m+〉2|m+〉3). (8)
Then Alice will measure the ions 1, 2 in the basis:
|+〉 = 1√
2
(|m+〉+ |m−〉), (9a)
|−〉 = 1√
2
(|m+〉 − |m−〉). (9b)
For the results |+〉1|+〉2, |−〉1|−〉2, the ion 3 will be left
in the state −α|m−〉3 + β|m+〉3, so a σy operation is
needed to transfer the state of ion 3 to the state of ion
1. For the results |+〉1|−〉2, |−〉1|+〉2, the ion 3 will be
left in the state α|m−〉3 + β|m+〉3, so a σx operation
is needed to transfer the state of ion 3 to the state of
ion 1. The total success probability of the teleportation
scheme is 1/8. Although the successful probability is
smaller than 1.0, the current scheme does not need the
joint Bell-state measurement and the complex ion trap
techniques, which will simplify the implementation of the
scheme. The current scheme for the teleporation of one
qubit unknown state can be generalized to the multi-
qubit unknown state case in a straight forward way. This
will be discussed in more detail in other papers.
III. ENTANGLEMENT CONCENTRATION FOR
IONIC ENTANGLED STATE VIA
ENTANGLEMENT SWAPPING
Suppose there are three spatially separate users Alice,
Bob and Cliff. Alice and Bob all share a pair of nonmax-
imally entangled ions with Cliff. Alice has access to ion
1, Bob has access to ion 4, and ions 2 and 3 are all at
Cliff’s location. The entangled state of ions 1, 2 and the
entangled state of ions 3, 4 are:
|Φ〉12 = α|m+〉1|m+〉2 + β|m−〉1|m−〉2, (10a)
|Φ〉34 = a|m+〉3|m+〉4 + b|m−〉3|m−〉4. (10b)
Where α, β, a, b are normalization coefficients, and |α|2+
|β|2 = 1, |a|2 + |b|2 = 1. Without loss of generality, we
can assume that α, β, a, b are all real numbers.
Before swapping, the state of the total system is:
|Φ〉total = a+l,+|0〉(αa|m+〉1|m+〉2|m+〉3|m+〉4
+ αb|m+〉1|m+〉2|m−〉3|m−〉4
+ βa|m−〉1|m−〉2|m+〉3|m+〉4
+ βb|m−〉1|m−〉2|m−〉3|m−〉4). (11)
4To construct entanglement between ion 1 and ion 4, Cliff
will introduce the MZI as in section II, and put the ions
2, 3 on the upper and lower arm of the MZI, respectively.
Then One σ+ polarized photon will be superimposed on
the MZI from the left lower input port. From the evolu-
tion in Eq.(6), we can give the evolution caused by the
MZI:
|Ψ〉′total = αa
1√
2
(|S〉2|g〉2|m+〉3
+ i|m+〉2|S〉3|g〉3)|m+〉1|m+〉4 + αb[ 1√
2
|S〉2|g〉2|m−〉3
+
i
2
(a+u,+ + ia
+
l,+)|0〉|m+〉2|m−〉3]|m+〉1|m−〉4
+ βa[
i√
2
|m−〉2|S〉3|g〉3
+
1
2
(a+l,+ + ia
+
u,+)|0〉|m−〉2|m+〉3]|m−〉1|m+〉4
+ iβba+u,+|0〉|m−〉2|m−〉3|m−〉1|m−〉4. (12)
Then Cliff will detect the two output ports of the MZI.
If the photon detector at the right lower output port Dl
fires, the state of the total system will collapse into:
|Φ〉1234 = 1
2
(−αb|m+〉1|m+〉2|m−〉3|m−〉4
+ βa|m−〉1|m−〉2|m+〉3|m+〉4). (13)
If we let α = a β = b, the state in Eq.(13) becomes:
|Φ〉1234 = 1
2
ab(|m−〉1|m−〉2|m+〉3|m+〉4
− |m+〉1|m+〉2|m−〉3|m−〉4), (14)
which is a four-ion maximally entangled states. If Cliff
measures the ions 2, 3 in the |±〉 basis as in section II,
the ions 1, 4 will be left in maximally entangled state
1√
2
(|m−〉1|m+〉4 − |m+〉1|m−〉4) for the results |+〉2|+〉3,
|−〉2|−〉3. If the results are |+〉2|−〉3, |−〉2|+〉3, the
ions 1, 4 will be left in the maximally entangled state
1√
2
(|m−〉1|m+〉4+ |m+〉1|m−〉4). The total success prob-
ability is 12 |a|2(1− |a|2).
So the two ions 1, 4, which have never interacted be-
fore, are left in an entangled state via entanglement swap-
ping. Furthermore, the initial nonmaximally entangled
states in Eq.(10) have been concentrated into a maxi-
mally entangled state via entanglement swapping [18]. In
our previous contributions [13, 14], we also realized the
entanglement concentration via entanglement swapping
in cavity QED, and the success probabilities of them are
bigger than that of the current scheme. But, the current
scheme uses the linear optical elements, which can be re-
alized within the current technology easily. In addition,
four-ion maximally entangled states can be generated in
the current scheme. In one of our previous contribu-
tions, we used the similar setup, and realized the pu-
rification and concentration of nonmaximally entangled
ionic states [15]. But two MZIs have been used there. In
our current scheme, the concentration can be realized by
using the MZI only once. So the current scheme is more
efficient than the previous one.
IV. REMOTE PREPARATION OF ENTANGLED
STATES
In section III, if Cliff want to prepare an entangled
state:
|Φ〉14 = m|m+〉1|m−〉4 + n|m−〉1|m+〉4, (15)
on ions 1, 4 remotely, Cliff will measure the state of ions
2, 3 in Eq. (14) in the basis |±′〉:
|+′〉 = ν|m+〉+ µ|m−〉, (16a)
|−′〉 = −µ|m+〉+ ν|m−〉. (16b)
Where m = ν
2√
ν4+µ4
, n = µ
2√
ν4+µ4
. After the measure-
ment, the ions 1, 4 will be left in different states corre-
sponding to different measurement results. For results
|+′〉2|+′〉3, |−′〉2|−′〉3, ions 1, 4 will be left in maximally
entangled state 1√
2
(|m−〉1|m+〉4 − |m+〉1|m−〉4) with
probability 12 |µ|2|ν|2|a|2|b|2. For the result |+
′〉2|−′〉3,
ions 1, 4 will be left in the state in Eq.(15), i.e. the
state Cliff want to prepare remotely. The probabil-
ity is 14 |a|2|b|2(|µ|4 + |ν|4). For the results |−
′〉2|+′〉3,
ions 1, 4 will be left in the state 12ab(µ
2|m+〉1|m−〉4 +
ν2|m−〉1|m+〉4) with probability 14 |a|2|b|2(|µ|4 + |ν|4).
This state can be converted into the state in Eq.(15) by
operating σx operations on the two ions. So if ions 2,
3 are measured in states |+′〉2|−′〉3, |−′〉2|+′〉3, the ions
1, 4 will be prepared in the state in Eq.(15) successfully
with probability 12 |a|2|b|2(|µ|4 + |ν|4).
Compared with the previous scheme for the remote
preparation of entangled states, the current scheme em-
beds the following advantages: (1) it does not need the
joint measurement; (2) it can realize the remote prepa-
ration of entangled state for ions by using linear optical
elements. So it is simpler than the cavity QED or ion-
trap schemes.
By far we have only discussed the idea case where we
suppose that a photon impinging on an atom always leads
to the process described in Eq.(1). But in most case the
photon will not be scattered by the ions, if the ions are
placed inside the MZI. That would mean that detector
at the right upper output port Du will most likely fire.
To enhance the scattering rate, an optical cavity will be
added to enclose the MZI. The detailed description has
been discussed in Ref. [19], which indicates that this cav-
ity will increase the success probability.
Then we will consider the feasibility of the current
scheme. As discussed in Refs. [15, 20], we can use 40Ca+
as the candidate ion for a possible implementation of the
5current scheme. D5/2 and D3/2 are two metastable levels
of 40Ca+ with lifetimes of the order of 1s. s1 and s2 are
two sublevels of D5/2 with m = −5/2 and m = −1/2,
and this two sublevels are coupled to |e〉 by σ− and
σ+ light at 854nm. Here e, S1, S2, S1/2 correspond to
e,m−,m+, g in Fig.1 respectively. That is to say, we use
the S1/2 as stable ground state, S1, S2 as two degenerate
metastable state and P3/2 as excited state. Arbitrary su-
perposition state of this two degenerate metastable states
can be realized by applying a laser pulse of appropriate
length, which can be realized in a few microsecond [21].
The 40Ca+ in state S1 or S2 can be excited into the
excited state P3/2 by applying one σ− or σ+ light at
854nm. Then decay from |e〉 to S1, S2, to D3/2 and to
S1/2 are all possible. But Refs. [20, 22] give the transi-
tion probability for P1/2 → S1/2(397nm) as 1.3 × 108/s
and the branching ratio of P1/2 → D3/2(866nm) versus
P1/2 → S1/2(397nm) as 1:15, while the branching ratio
for P3/2 → D5/2(854nm) versus P3/2 → S1/2(393nm)
can be estimated as 1:30, giving 0.5× 107/s for the tran-
sition probability. So in most case, the 40Ca+ in the ex-
cited state will decay into the stable ground state S1/2.
The detection of the internal states of 40Ca+ can be re-
alized by using a cycling transition between S1/2 and
P1/2(397nm) [22, 23].
To enhance the emission efficiency of the photons from
the ions, we can introduce cavities. Then the following
three items will affect the emission efficiency of the pho-
ton from the ions:
• The coupling between cavity mode and the P3/2 →
S1/2(393nm) transition;
• Decay from P3/2 to D5/2;
• Cavity decay.
From reference [24], the probability pcav for a photon
to be emitted into the cavity mode after excitation to
e can be expressed as pcav =
4γΩ2
(γ+Γ)(γΓ+4Ω2) . where
γ = 4pic/FcavL is the decay rate of the cavity, Fcav its
finesse, L its length, Ω = Dh¯
√
hc
2ǫ0λV
is the coupling con-
stant between the transition and the cavity mode, D the
dipole element, λ the wavelength of the transition, V
the mode volume (which can be made as small as L2λ/4
for a confocal cavity with waist
√
Lλ/pi), and Γ is the
non-cavity related loss rate [20]. From the discussion of
Ref. [20], the photon package is about 100ns, which is a
relative long time for the current scheme to be completed.
When calculating the total efficiency of the current
scheme (we discuss the entanglement concentration via
swapping as example), we must consider the following
items:
• The emission efficiency of photon: pcav, which has
included the cavity decay; To maximize the pcav,
we have chosen Fcav = 19000, L = 3mm. Then
γ = 9.9× 106/s, pcav = 0.01 [20];
• The effect of the photon detectors is expressed as
η.Here we let a detection efficiency η = 0.7, which
is a level that can be reached within the current
technology.
• Coupling the photon out of the cavity will intro-
duce another error expressed as ξ, which can be
modulated to be close to unit.
In addition, we suppose Alice and Bob all have shared
an ensemble of nonmaximally entangled pairs of ions
with Cliff. After considering the above factors, the to-
tal success probability can be expressed as follow: P =
a2(1−a2)
2 ×pcav2×η×ξ for the entanglement concentration
via swapping, that is to say, if we input photon with the
rate of 1000000/s, we can get eight pairs of concentrated
entangled 40Ca+ ions per second for a2 = 0.7.
In conclusion, we proposed a linear optical scheme for
the teleportation of unknown ionic states, the entan-
glement concentration for nonmaximally entangled ionic
states via entanglement swapping and the remote prepa-
ration of entangled states for ions that have never in-
teracted before. The current scheme does not need the
realization of the complex joint measurement, i.e. the
joint measurement has been converted into the separate
measurements on single photons or ions. Quantum in-
formation processing for ions can be realized by using
linear optical elements. In addition, the scheme avoids
the complexity of the ion-trap schemes. However, the
current scheme can not realize the quantum dense cod-
ing, because the current scheme can not discriminate the
four Bell states conclusively.
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